† Background and Aims Interspecific hybridization and polyploidy are key processes in plant evolution and are responsible for ongoing genetic diversification in the genus Sorbus (Rosaceae). The Avon Gorge, Bristol, UK, is a world 'hotspot' for Sorbus diversity and home to diploid sexual species and polyploid apomictic species. This research investigated how mating system variation, hybridization and polyploidy interact to generate this biological diversity. † Methods Mating systems of diploid, triploid and tetraploid Sorbus taxa were analysed using pollen tube growth and seed set assays from controlled pollinations, and parent-offspring genotyping of progeny from open and manual pollinations. † Key Results Diploid Sorbus are outcrossing and self-incompatible (SI). Triploid taxa are pseudogamous apomicts and genetically invariable, but because they also display self-incompatibility, apomictic seed set requires pollen from other Sorbus taxa -a phenomenon which offers direct opportunities for hybridization. In contrast tetraploid taxa are pseudogamous but self-compatible, so do not have the same obligate requirement for intertaxon pollination. † Conclusions The mating inter-relationships among Avon Gorge Sorbus taxa are complex and are the driving force for hybridization and ongoing genetic diversification. In particular, the presence of self-incompatibility in triploid pseudogamous apomicts imposes a requirement for interspecific cross-pollination, thereby facilitating continuing diversification and evolution through rare sexual hybridization events. This is the first report of naturally occurring pseudogamous apomictic SI plant populations, and we suggest that interspecific pollination, in combination with a relaxed endosperm balance requirement, is the most likely route to the persistence of these populations. We propose that Avon Gorge Sorbus represents a model system for studying the establishment and persistence of SI apomicts in natural populations.
INTRODUCTION
Interspecific hybridization and polyploidy are important processes in plant evolution, both separately, and, more commonly, in combination through the formation of allopolyploids (Stebbins, 1950; Grant, 1981; Arnold, 1997; Rieseberg and Willis, 2007; Doyle et al., 2008; Soltis and Soltis, 2009 ). There are many examples of new species that have arisen through these processes (Arnold, 1997) , many of which have become models for studying plant speciation at genetic, genomic and ecological levels Hiscock, 2005, 2008; Rieseberg and Willis, 2007; Abbott et al., 2010) . Even though homoploid hybrid speciation (i.e. hybrid speciation without a change in chromosome number) is now being recognized more extensively (Rieseberg, 1997; Soltis and Soltis, 2009; Abbott et al., 2010) , most examples of hybrid speciation in plants involve allopolyploidy, which is considered to be the most important mechanism of abrupt speciation in plants (for reviews, see Grant, 1981; Hegarty and Hiscock, 2008; Leitch and Leitch, 2008) . Numerous examples of allopolyploid speciation have been described in the literature, including at least six new plant species that have arisen in the past 200 years:
Tragopogon mirus and T. miscellus (Soltis et al., 2004) ; Spartina anglica (Ainouche et al., 2003) , Senecio cambrensis and S. eboracensis (Ashton and Abbott, 1992; Lowe, 1996, 2004) and Cardamine schulzii (Urbanska et al., 1997) .
The mating systems associated with plants involved in hybridization and polyploidy are critical in determining both the likelihood of hybrid and/or polyploid formation and their long-term survival (Grant, 1981; Rieseberg, 1997) . In sexually reproducing plants, outbreeding often promotes hybridization and the formation of new homoploid and allopolyploid offspring, whilst inbreeding (selfing) will perpetuate new homoploids and allopolyploids, and reinforce reproductive isolation between them and their parental taxa (Grant, 1981; Rieseberg, 1997; Coyne and Orr, 2004) . Asexual reproduction, through apomixis (agamospermy; the production of 'maternal' clonal seeds), offers a more secure means of perpetuating new hybrid and allopolyploid genotypes than selfing, and affords immediate, often total, reproductive isolation from parental taxa. Apomixis also provides a means of maintaining and propagating primary hybrids with unbalanced numbers of parental chromosomes (i.e. non-homoploids), particularly triploids. Not surprisingly therefore, apomixis is frequently associated with hybridization and polyploidy where it has been critical for the establishment of many novel taxa arising by these processes (Grant, 1981; Briggs and Walters, 1997; Hörandl, 2006; Hörandl and Paun, 2007; Whitton et al., 2008) .
In Britain, the genus Sorbus (whitebeams, service trees and rowans) is a particularly good example of a genus that has undergone rapid evolution through the processes of hybridization and polyploidy -both allopolyploidy and autopolyploidy (Nelson-Jones et al., 2002; Robertson et al., 2004a, b; Chester et al., 2007; Robertson et al., 2010) . 'Hotspots' of Sorbus evolution in Britain include: the Isle of Arran, Scotland, Cheddar Gorge, Somerset, the North Devon-Somerset coast and the Wye Valley of the Welsh Borders, but by far the richest and most important site for Sorbus diversity in Britain, and indeed probably in the world, is the Avon Gorge in Bristol, where 21 taxa have been recorded Robertson et al., 2010) . The Avon Gorge is a spectacular Carboniferous Limestone gorge about 2 km long and 80 m high, with extensive woodland, scrub, open rocks and quarries providing a diversity of habitats and niches that have facilitated the survival and perpetuation of newly divergent Sorbus taxa probably because of subtle pre-adaptive phenotypes .
We previously showed, using molecular markers, that the generation of genetic novelty within Avon Gorge Sorbus has been driven primarily by a series of interspecific hybridizations and backcrosses among closely related taxa, with each new genotype (taxon) being fixed and propagated by apomixis . The result is a series of new closely related taxa, microspecies and hybrids (as defined by Rich et al., 2009) , that are reproductively isolated from each other, but which occasionally participate in further hybridization events leading to a complex pattern of ongoing reticulate evolution of Sorbus within the Avon Gorge . In the Avon Gorge today there are four sexual diploid species [S. aucuparia (rowan), S. aria (whitebeam), S. torminalis (wild service-tree) and S. domestica (service tree, which is not involved in hybridization and is not discussed further)], one primary diploid hybrid (S. × thuringiaca), seven polyploid taxa (S. anglica, S. bristoliensis, S. eminens, S. leighensis, S. porrigentiformis, S. whiteana and S. wilmottiana), which appear to be apomictic , and four hybrids involving polyploids (S. × avonensis, S. × houstoniae, S. × proctoriana and S. × robertsonii), the mating system(s) of which have yet to be investigated. In addition to these native Sorbus taxa, there are five introduced species (S. croceocarpa, S. decipiens, S. intermedia, S. latifolia and S. glabriuscula) all of which are polyploid and believed to be apomictic. There are also populations of at least two more undescribed species and numerous puzzling individuals, which do not fit known taxa Robertson et al., 2010) .
The majority of diploid sexual Sorbus species investigated to date are outcrossing with a self-incompatibility mating system (Lemche, 1999; Pías and Guitián, 2006; Bailey et al., 2008; Kamm et al., 2009; Robertson et al., 2010) . Self-incompatibility is a mechanism used by plants to prevent self-fertilization and consequent inbreeding depression, and is typically controlled by a single locus, S, with multiple alleles (haplotypes) (de Nettancourt, 1977; Hiscock and McInnis, 2003) . Self-incompatibility has been shown to be regulated by a number of different molecular mechanisms, suggesting numerous independent origins . In the Rosaceae, self-incompatibility is controlled gametophytically, that is to say the self-incompatible (SI) phenotype of the pollen is determined by its own (haploid) S genotype (de Nettancourt, 1977) . At a molecular level, gametophytic self-incompatibility in the Rosaceae is regulated by a pistil-expressed S-RNase and a pollen-expressed F-box protein, S locus F-box (SLF) (McClure et al., 2011; Meng et al., 2011) , a system shared with species of the Solanaceae and Plantaginaceae. In this form of gametophytic selfincompatibility, incompatible pollen will germinate, but accumulation of pistil-produced S-RNases in the pollen tube indirectly inhibits further protein synthesis, causing growth to terminate within the style with a characteristic swelling of the tube tip (Luu et al., 2000) .
Rosaceous genera, particularly close relatives of Sorbus, also frequently contain self-compatible (SC) and apomictic (both obligate and facultative) polyploidy species . Breakdown of self-incompatibilty (leading to self-compatibility) in polyploids is well documented among species with gametophytic self-incompatibility, particularly Rosaceae (Mable, 2004) , and is associated with 'competitive interaction' between two different S alleles (usually there is just one) in the pollen (Chawla et al., 1997; Golz et al., 2000 Golz et al., , 2001 Meng et al., 2011) . Polyploid apomictic species of Rosaceae usually display pseudogamy (Liljefors, 1954) , where pollination and fertilization of the central cell nucleus/ nuclei is required for the formation of endosperm) even though no paternal genetic contribution is made to the embryo. This need for fertilization means the self-compatibility generally arising from polyploidy is highly advantageous in pseudogamous apomicts because it ensures uniparental reproduction (Noirot et al., 1997; Hörandl, 2010) . Thus for Sorbus, and Rosaceae more generally, it is fair to expect diploid sexual taxa to be outcrossers with self-incompatibility, and polyploids, including all pseudogamous polyploids, to be self-compatible.
Here we report the first extensive analysis of mating systems in Sorbus occurring in the world diversity hotspot for this genus -the Avon Gorge, Bristol. We were particularly interested in elucidating the mating systems of the rare endemic Sorbus taxa and their proposed parents, to determine how mating system variation, hybridization and polyploidy interact to generate genetic diversity and thereby drive continuing evolution of Sorbus in the Avon Gorge. Using a combination of controlled and open pollinations followed by seed set analysis, pollen tube growth analysis and parent -offspring genotyping with molecular markers (microsatellites), we show that the two main diploid species, S. aria and S. torminalis, are SI and outcrossing, whereas triploid and tetraploid taxa are apomictic but require pollination and fertilization for endosperm formation, i.e. they are pseudogamous apomicts. Interestingly, we show that while tetraploid pseudogamous apomictic taxa are (as predicted) SC and therefore able to use their own pollen for endosperm formation, triploid taxa are SI and require pollination by other Sorbus taxa for endosperm formation and successful apomictic seed production. This apparent constraint on pseudogamous apomixis in triploid Sorbus taxa thereby imposes a requirement for intertaxon cross-pollination, which can facilitate genetic diversification in Sorbus evolution through rare sexual hybridization events. We discuss how outcrossing (self-incompatibility), self-pollination and facultative pseudogamy interact to facilitate the occasional hybridization and backcrossing that perpetuate ongoing genetic diversification and evolution among Sorbus in the Avon Gorge. This is also the first known report of an established natural population of pseudogamous SI apomictic plants. We hypothesize that intertaxon pollination and a relaxed endosperm balance requirement are primarily responsible for the establishment of SI apomictic Sorbus populations in the Avon Gorge, and we propose that this group of trees provides an ideal natural system for studying how pseudogamous SI apomicts become established and persist.
MATERIALS AND METHODS

Mating experiments
Mating systems and compatibility amongst Avon Gorge Sorbus (including S. aria, S. aucuparia, S. bristoliensis, S. eminens, S. leighensis, S. porrigentiformis, S. torminalis, S. whiteana and S. wilmottiana) were investigated by measuring seed set and pollen tube growth. Manual pollinations were carried out both in vivo (for seeds and pollen tubes) and ex vivo (for pollen tubes). Trees were selected for use in pollination tests if they were flowering and had inflorescences that could be reached from the ground. The hybrids S. × avonensis, S. × houstoniae and S. × robertsonii were not included in pollination assays because they grow in locations where pollination work is not practical. Sampling sites and identity codes of trees are given in the Supplementary Data Table S1 .
In vivo pollinations
Perforated polythene bags were placed over inflorescences of the maternal plant at the 'balloon' stage ( Fig. 1) to prevent cross-pollination. Pollination treatments included: (a) pollen from the same tree to test for self-compatibility; (b) anthers removed and pollen from conspecifics to test for crosscompatibility within the species; (c) anthers removed and pollen from different species to test for cross-compatibility between species; (d ) anthers removed and no pollen to test for autonomous apomixis; and (e) intact flowers bagged and left to test for facilitated self-pollination (i.e. is an insect vector required for self-pollination to occur) ( Table 1) . Manual pollination was performed once for each flower by brushing dehiscing anthers against the receiving stigmas until pollen could be seen on the stigma surface. The number of flowers pollinated in each mating was between five and 15, and only one type of pollination treatment was applied to each inflorescence. Pollen exclusion bags were immediately replaced to prevent undesired pollination events. Two to three flowers from each mating combination were collected 48 h after pollination for pollen tube analysis (Supplementary Data Table S2 ). Styles were fixed in FPA solution (70 % ethyl alcohol:40 % formaldehyde:propionic acid in a 90:5:5 mixture) and stored at 4 8C until use. The remaining flowers were left for seed development. Fruit formation was monitored, with infructescences being bagged in late summer to prevent predation by birds and small mammals. Fruits were collected when ripe (red or orange in colour).
Ex vivo pollinations
Mating crosses for pollen tube analysis were repeated under laboratory conditions. Inflorescences were collected at the 'balloon' stage (see Fig. 1 ) from the same trees used in the field crosses and brought to the lab where they were placed in water and protected by exclusion bags. Once open, flowers were removed from the inflorescence, emasculated and placed in water in wells of microtitre plates. For each individual, 3 -5 flowers were used for each pollination treatment. Flowers were manually pollinated and fixed in FPA solution as described above.
Seed set analysis
The total numbers of fruits resulting from each cross were recorded. Seeds were removed from fruits, counted and scored for viability: large seeds that were well formed and firm were categorized as 'viable', while seeds that were very small, thin, empty, contained a deformed embryo or contained no embryo were categorized as 'non-viable' (Supplementary  Data Table S3 ). Inviability in these latter types of Sorbus seed has previously been confirmed by dissection and germination testing (S. Ludwig, University of Bristol, UK, unpubl. res.). A cross that resulted in the production of at least one seed was considered to be compatible. Seed set results for each taxon were pooled per treatment to give an overall proportion of compatible results per number of crosses, and the majority (i.e. more than half ) score was taken as the consensus compatibility status for the taxon.
Pollen tube analysis
All preserved pollinated flowers were assessed for pollen tube germination and growth using the following techniques. Samples were softened for 24 h in 8 N NaOH followed by a 2 h wash in running water, then stained in a 0 . 1 % solution of aniline blue in time intervals of 12-24 h (Preil, 1970; Kho and Baer, 1971) . To prepare samples for microscopy, styles were separated from ovaries (which were inspected separately), and the styles were squashed. Pollen tubes in the samples were observed under ultraviolet light on an Olympus BX61 research microscope (Japan). The length of pollen tubes was determined using Multiple Image Analysis software.
Pollen compatibility on each pistil was scored by the extent of pollen tube growth towards the ovule. Figure 2 shows example images of pollen tubes from compatible and incompatible pollinations. In the gametophytic self-incompatible (GSI) system found in Sorbus and other Rosaceae, incompatible pollen is generally inhibited in the upper half of the style before reaching the ovary (Fig. 2A) ; therefore, the following compatibility/incompatibility scoring system was used: growth ending in the upper or middle region of the style or showing physical signs of incompatibility (swollen tube tip) ¼ incompatible (-) ( Fig. 2A, C) ; growth past the lower style or entering the ovary ¼ compatible (+) (Fig. 2B , D -F). Overall compatibility/incompatibility was determined for each individual's pollination combinations by calculating the total compatibility and incompatibility score and the majority score taken as the consensus compatibility status. Compatibility results for each taxon were then pooled per treatment to give an overall proportion of compatible results per number of crosses. Again, the majority score was taken as the consensus compatibility status for the taxon.
Pollen viability in the Avon Gorge Sorbus taxa was previously tested by Rich (2009) and Rich et al. (2010) . Viability in the pollen of triploid taxa was estimated to range from 23 . 00 to 63 . 00 % (see Table 1 ). While this is lower than pollen viability for the diploid and tetraploid taxa, we consider it to be high enough not to interfere with the interpretation of data from pollination experiments (Rich, 2009 ).
Progeny analysis
Progeny analyses were used in order to determine whether a taxon's mating system is sexual (is it primarily selfing or outcrossing) or asexual (is it obligate or facultative). This also allowed sampling for naturally occurring hybridizations. Progeny analyses compared multilocus molecular marker phenotypes of progeny (embryos) from wild pollinations with those of their maternal parents.
Sample material
Open-pollinated seeds were used from the same trees selected for pollination testing if there was sufficient fruit set; if open-pollinated fruit set was insufficient, additional trees were sampled. These additional trees were chosen if they displayed fruit set of at least 15 ripe fruits and if fruits were within reach of long-handled pruners. For progeny DNA sampling, 15 mature berries were collected from 3 -5 adult trees of each of the following Sorbus taxa located in the Avon Gorge: S. aria, S. bristoliensis, S. eminens, S. leighenis, S. porrigentiformis, S. torminalis, S. whiteana and S. wilmottiana. Two trees were sampled for S. × avonensis and one tree each for S. × houstoniae and S. × robertsonii. A single, well-formed seed was removed from each fruit and stored at 4 8C until use. For maternal DNA sampling, leaf buds were collected from each maternal tree and stored frozen at -80 8C until use. Sampling sites and identity codes of the trees are given in Supplementary Data Table S1 . 
Key to pollen treatments: (A) pollen from the same tree; (B) pollen from a conspecific individual; (C) pollen from a different taxon (pollen parents shown); (D) emasculation with no pollen; (E) no pollen/bagged and left.
*Ploidy levels of all taxa (except S. whiteana) have been measured by flow cytometry (Pellicer et al., 2012) . † Ploidy level measured by cytological analysis (Lemche, 1999; Bailey et al., 2008) . ‡ Based on stainability of pollen from herbaria specimens using Alexander's stain (Rich, 2009 Additionally, progeny from two manual interspecific crosses were analysed to confirm that intertaxon pollen was being used to form endosperm: ten well-formed seeds from one S. bristoliensis × S. aria cross and ten well-formed seeds from one S. porrigentiformis × S. aria cross were randomly selected for DNA extraction and genotyping.
DNA extractions
Seeds were soaked overnight in sterile distilled water prior to DNA extraction. Embryos were then separated from the seed coat and endosperm, and DNA was extracted from individual embryos using a cetyltrimethylammonium bromide (CTAB) DNA extraction protocol (Soltis and Soltis, 2002) . DNA was extracted from frozen leaf buds using the Qiagen DNAeasy plant kit following the manufacturer's instructions.
Microsatellite amplification and analysis
For all maternal trees and their progeny, three nuclear microsatellite loci were amplified by polymerase chain reaction (PCR) using primers CH01F02, MSS5 and MSS16 described by Robertson et al. (2010) . Forward primers were labelled with fluorescent dye and PCRs carried out according to Robertson et al. (2010) . Products were separated by capillary electrophoresis on an Applied Biosystems 3500 Genetic Analyser (Applied Biosystems, USA). Product peaks were scored using GeneMarker w genotype analysis software (SoftGenetics, USA). Although product peaks produced by fragment analysis were presumed to represent allelic products, analysis of the genetic marker variation was conducted by comparing multilocus molecular marker phenotypes of maternal parents and progeny, rather than using a strict genetic interpretation. This was largely due to the fact that allele dosage has not been investigated for the polyploid taxa so it is unknown which alleles occur in duplicate at particular loci. Ploidy levels for all taxa in this study have previously been measured by cytological analysis and/or flow cytometry analysis (Lemche, 1999; Bailey et al., 2008; Pellicer et al., 2012; see Table 1 ).
Analysis of molecular data was primarily qualitative. Progeny molecular data were interpreted as follows: (a) if an embryo contained non-maternal alleles it was considered to be a result of outcrossing; (b) if an embryo had a maternal molecular phenotype it was considered to be either the result of sexual reproduction with a genetically similar individual or the result of asexual reproduction; and (c) if an embryo had a reduced number of alleles compared with its mother it was considered to be the result of selfing by sexual reproduction. For each taxon, we then estimated the overall genetic diversity amongst progeny by measuring the proportion of unique progeny phenotypes (Ellstrand and Roose, 1987) . This was done by calculating N( p)/N(i) [where N( p) is the number of molecular phenotypes and N(i) is the total number of progeny sampled); a proportion close to 1 would suggest a sexual mating system, whereas a proportion close to 0 would suggest an asexual mating system.
RESULTS
Pollen tube growth and seed set analyses in diploid maternal trees Self-pollinations of S. aria, S. aucuparia and S. torminalis resulted in incompatible pollen tubes and low or no seed set (Table 2, Fig. 3 ; Supplementary Data Table S2 ). Intraspecific pollinations amongst S. aria individuals produced compatible pollen tubes and viable seed (Table 2, Fig. 3 ). On the other hand, intraspecific cross-pollinations results for S. torminalis were mixed, with one combination (LEV108a × LEV100) appearing to be completely incompatible for both tests and a second (LEVG1 × LEV108a) being compatible for pollen tubes but incompatible for seed set, while the remaining mating combinations were compatible (Supplementary Data  Tables S2 and S3 ). In interspecific matings between S. aria or S. torminalis and S. eminens or S. porrigentiformis, compatible pollen tubes were observed, but few seeds were produced and all embryos were severely deformed (Table 2) .
Pollen tube growth and seed set analyses in triploid maternal trees Self-pollinations and intraspecific cross-pollinations in the triploid taxa (S. bristoliensis, S. leighensis, S. whiteana and S. wilmottiana) resulted in incompatible pollen tubes and low rates of viable seed production for all four species (Table 3 , Fig. 3 , and see Fig. 2 ). All triploid species allowed compatible pollen tube development and/or viable seed production when crossed with pollen from S. aria or S. porrigentiformis (Table 3 , and see Fig. 2 ). Testing for autonomous apomixis (anthers removed, no pollen) resulted in no or low seed set (Table 3 ). Excluding pollinators from intact triploid flowers resulted in little or no pollen being deposited on the stigmas (Table 3; Supplementary Data  Table S2 ); in these flowers, no compatible pollen tubes were observed, and only one treatment resulted in the production of a single viable seed (Table 3) .
Pollen tube growth and seed set analyses in tetraploid maternal trees Self-pollinations and intraspecific cross-pollinations in the tetraploid species S. eminens and S. porrigentiformis resulted in compatible pollen tubes and a high rate of viable seed set for both species (Table 4, Fig. 3 ). Interspecific pollination of either tetraploid species with S. aria pollen resulted in compatible pollen tubes and viable seed set for both tetraploids (Table 4, Figure 3 ), while interspecific pollination of S. eminens with S. torminalis pollen produced incompatible pollen tubes (Supplementary Data Table S2 ). Unusually, pollen tubes that formed in the S. eminens × S. torminalis cross often ended with characteristic signs of incompatibility in the base of the style rather than in the upper or middle regions of the style, suggesting possible partial compatibility. As found in the triploid taxa, the test for autonomous apomixis resulted in no seed set for either of the tetraploid species (Table 4 ). For tetraploid trees in which insects were excluded TABLE 2. Summary of pollen tube growth and seed set results from controlled pollinations on diploid maternal trees; the proportion of successful compatible crosses out of the total number of crosses performed is shown in parentheses 
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FIG. 3. Proportion of compatible pollinations based on pollen tube growth (A) and seed set (B)
. The horizontal axis gives the type of pollination combination carried out. Combinations resulting in the production of no compatible pollen tubes or seeds are indicated by 0 to distinguish them from mating combinations that were not tested (indicated by n/t). For each pollination category, taxa occur in the same order across the chart, as shown in the chart legend (left to right). Numbers below bars indicate the total number of crosses carried out for a particular mating combination. 
(2/7) (0/5) (2/5) (9/9) (7/7) (6/6) (4/4) (1/7) (1/1) S. whiteana -
(3/5) (0/4) (1/4) (7/7) (6/7) (7/7) (6/6) (0/5) (0/1) S. wilmottiana
Definitions of +, -and +/ -as for Table 2 ; NT, not tested.
from intact flowers, compatible pollen tubes were seen in one sample (although these were fewer in number than the incompatible pollen tubes observed), while the other was poorly pollinated, with pollen tubes ending in the upper parts of the style (Table 4 ; Supplementary Data Table S2 ).
Microsatellite analysis of maternal parents and progeny
A high level of genetic variability was detected in progeny from S. aria and S. torminalis, with high proportions of distinguishable multilocus molecular phenotypes and high proportions of progeny with non-maternal alleles (Table 5;  Supplementary Data Table S4 ). A small proportion of progeny differed from their mothers in having a reduced number of alleles, and the remaining small proportion of progeny displayed maternal molecular phenotypes (Table 5 ). All progeny for each triploid taxon (S. × avonensis, S. bristoliensis, S. leighensis, S. whiteana and S. wilmottiana) had molecular phenotypes identical to those of their maternal parents (Table 5; Supplementary Data Table S5 ). All seeds collected from the single S. × robertsonii tree were deformed and contained no embryos; no molecular marker analysis was therefore possible for this taxon. Like the triploid progeny, embryos sampled from the tetraploid species (S. eminens, S. × houstoniae and S. porrigentiformis) showed a high degree of similarity to their maternal parents (Table 5) . However, a small number of progeny for each taxon differed from their maternal parents in the loss of alleles at one or two loci (Table 5; Supplementary  Data Table S6 ). For progeny resulting from crosses between S. bristoliensis × S. aria and S. porrigentiformis × S. aria, all progeny molecular phenotypes were identical to their maternal parents (Table 6 ).
DISCUSSION
Mating systems in diploid Sorbus taxa
Pollination assays confirmed self-incompatibility in the diploid sexual species S. aria. Outcrossing was further supported by success in intraspecific crossing results and as shown by progeny analysis. A high level of genotypic diversity was detected in S. aria, with the majority (96 %) of wild-pollinated progeny having non-maternal multilocus molecular phenotypes and 86 % of these progeny displaying non-maternal alleles. In light of the pollination results presented here, the small proportions of maternal molecular phenotypes (4 . 2 %) and phenotypes with fewer alleles than the maternal mother (9 . 8 %) are more likely to have resulted from matings between genetically similar parents than from selfing or apomixis. Ellstrand and Roose, 1987) .
The small sample of S. aucuparia was found to be SI (Supplementary Data Table S2 ), which is in agreement with previous reports (Raspé et al., 2000; Pías and Guitián, 2006) . However, this species was not included in further analyses because it is a minor component of the Avon Gorge Sorbus evolutionary processes compared with S. aria and S. torminalis .
While the results from S. torminalis self-pollination suggest an SI, outcrossing mating system, the results of the controlled intraspecific crosses among S. torminalis individuals gave inconclusive results, and it is difficult to draw a firm conclusion from the small sample size. Incompatible results from intraspecific crosses are most probably due to relatedness amongst the trees crossed -S. torminalis is known to reproduce vegetatively via root suckers , leading to local clonal patches.
Similarly to S. aria, the high genotypic diversity found in progeny of S. torminalis indicates outcrossing: most wildpollinated S. torminalis progeny (87 %) had non-maternal molecular phenotypes, with 62 % of the progeny displaying non-maternal alleles. The 25 % of S. torminalis progeny displaying a loss of alleles from the maternal molecular phenotype, along with the 12 . 5 % with maternal molecular phenotypes, probably resulted from matings between genetically similar parents. This is more likely to happen for S. torminalis because of the species' relatively small population size in the Avon Gorge (n ¼ 50) . Pollination studies by Rasmussen and Kollmann (2004) in Denmark also showed S. torminalis to be an obligate outcrosser. Interestingly, however, a study by Hoebee et al. (2007) reported seed set via selfing in an isolated stand of S. torminalis in Switzerland, suggesting the potential for a mixed (outcrossing/ selfing) mating system, so it is possible that some of the maternal or maternal-like progeny from wild pollinations in the Avon Gorge may have resulted from self-pollination. However, obligate outcrossing through self-incompatibility has also been detected in other diploid Sorbus species, notably S. aucuparia and S. domestica (Raspé et al., 2000; Pías and Guitián, 2006; Kamm et al., 2009) , suggesting that self-incompatibility is the usual mating system in sexual diploid Sorbus.
Mating systems in polyploid Sorbus taxa: pseudogamous apomixis
Progeny analyses for five of the triploid species (S. × avonensis, S. bristoliensis, S. leighensis, S. whiteana and S. wilmottiana) revealed extremely low genotypic diversity and that all offspring had multilocus molecular phenotypes identical to their maternal parent, a pattern consistent with obligate apomixis. However, Nogler (1984) suggests that all apomixis is facultative and that sometimes sexual reproduction occurs so rarely that it is nearly undetectable in particular apomictic plants. Indeed there is evidence for a 'leaky' (facultative) apomictic mating system in other triploid Sorbus: even though Robertson et al. (2004b) concluded from progeny analysis that triploid S. arranensis is an obligate apomict, they also showed that it is responsible for multiple origins of S. pseudofennica on Arran, Scotland as a result of hybridizations with S. aucuparia (where S. arranensis is the female parent) (Robertson et al., 2004a) . Another example is triploid S. leyana which may also be facultatively apomictic (Proctor and Groenhof, 1992) and is believed to have given rise in the wild to hybrid Sorbus × motleyi and in cultivation has been observed to hybridize frequently with other members of subgenus Sorbus . However, there is as yet no conclusive evidence of hybridizations involving triploid maternal trees occurring commonly in the Avon Gorge . The mating system of S. × robertsonii, on the other hand, remains undefined for now. While Rich et al. (2010) reported observing well-formed seeds from this tree and a pollen stainability of 74 %, all seeds collected in 2010 were deformed and empty, suggesting sterility, or a lack of suitable pseudogamous mating events.
A similar situation to the fertile triploids was found in the tetraploids, where 97 . 3 % of S. eminens offspring, 98 . 7 % of S. porrigentiformis offspring and 93 . 3 % of S. × houstoniae offspring had molecular phenotypes identical to their mother trees and very low genotypic diversity (Table 5 ) -again a pattern consistent with nearly obligate apomixis. However, as suggested previously, perhaps the infrequency of sexual reproduction is making it more challenging to detect (Nogler, 1984) . The small numbers of non-maternal tetraploid progeny are consistent with this hypothesis since their molecular phenotypes show a reduction in the number of alleles displayed, which is suggestive of selfing and therefore sexual seed production. An alternative explanation would be mutation(s) in the embryos, but we consider rare sexual reproduction to be a more parsimonious explanation.
Insect exclusion/emasculation experiments showed that the apomictic Sorbus require pollen for seed set, thus confirming that they are all pseudogamous. Similar pollination experiments by Liljefors (1954) , who observed pollen tubes in the micropyles of apomicts, also suggest pseudogamy in apomictic Sorbus, as does Jankun and Kovanda's (1987) observation of single-sperm fertilization of the fused central nuclei in triploid S. bohemica. Our ongoing analyses of apomictic Sorbus 196, 202, 206, 208 120, 132, 136, 142 166, 170, 178 S. aria LEV86 200, 202 134 166 All progeny (n ¼ 10) 196, 202, 206, 208 120, 132, 136, 142 166, 170, 178 seeds using flow cytometry and endosperm genotyping further suggests that pseudogamy is the mode of apomixis in polyploid Sorbus (S. Ludwig, University of Bristol, UK, unpubl. res.).
Mating systems in polyploid Sorbus taxa: self-(in)compatibility
Results from self-pollination and intraspecific crosses in the triploid Sorbus species indicate that these triploids are unable to use either self-or conspecific pollen for pseudogamous agamospermy. This observation is intriguing because it implies that the triploids are either SI or male sterile. The latter is unlikely because previous pollen viability tests showed that pollen from triploid Sorbus taxa in the Avon Gorge is viable (see Table 1 ). Additionally, pollen tube analyses for the present study show that triploid pollen is able to germinate on the stigma, with pollen tubes growing into the style before termination, indicating viability. Thus it appears that the triploid taxa are expressing gametophytic selfincompatibility, and because all individuals of each triploid taxon are genetically identical clones (apomictic single-origin hybrids) they share the same S alleles, making them all interincompatible. It is well known that autopolyploidy and allopolyploidy are usually associated with loss of gametopytic self-incompatibility (resulting in self-compatibility) (Golz et al., 2000; Mable, 2004) , so the presence of gametopytic self-incompatibility in triploid Sorbus was unexpected and demands further investigation. Nevertheless, while breakdown of gametopytic self-incompatibility in polyploids has been widely described in the Solanaceae, examples of GSI polyploids, notably Prunus cerasus, have been recorded in the Rosaceae (Hauck et al., 2002) , suggesting that the mechanisms of RNase-mediated gametopytic self-incompatibility in the Rosaceae and Solanaceae have fundamental differences (Hauck et al., 2002 (Hauck et al., , 2006 . Despite the general trend of self-incompatibility among Sorbus triploids (Fig. 3) , some (most notably S. whiteana) did occasionally produce a few seeds when self-pollinated. While it is possible that this could be the result of pollen contamination, it seems unlikely due to the precautions taken. Instead, seed set resulting from self-pollination could be due to slow but persistent pollen tube growth in 'incompatible' pollen tubes, as has been observed in Nicotiana (Lush and Clarke, 1997) . Unlike pollen tube analysis, for which flowers are harvested 48 h after pollination, seed set analysis occurs months after pollination, allowing much longer for pollen tube growth and the possibility of self-fertilization of the polar nuclei.
In contrast to the diploid and triploid Sorbus taxa, all tetraploid Sorbus taxa sampled were SC being able to form pollen tubes and set viable seed when pollinated with either self-or conspecific pollen (Fig. 3) . The presence of self-compatibility in the tetraploids was entirely predictable because gametopytic self-incompatibility breakdown in polyploids, especially tetraploids, is a well-known phenomenon (Golz et al., 2000; Mable, 2004) . The cause for this breakdown of selfincompatibility in derived polyploid species and individuals has not yet been fully resolved (Mable, 2004 ) but in species with gametopytic self-incompatibility it is widely believed to be the result of 'competitive interaction' between different S alleles in polyploid (usually diploid) pollen (Chawla et al., 1997; Golz et al., 2000) . This can be explained by the 'inhibitor model' for RNase-mediated gametopytic selfincompatibility (Golz et al., 2001; Meng et al., 2011) , which proposes that the pollen S gene product (SLF) is, or functions indirectly as, an inhibitor of stylar S-RNases (the female S determinant) but SLF proteins are somehow unable to inhibit the S-RNase with which they are 'allelic', i.e. SLF1 cannot inhibit S-RNase1 but can inhibit S-RNases 2, 3, 4 etc. (Meng et al., 2011) . Despite the exact mechanism of S-RNase inhibition in compatible pollen -pistil interactions being unclear (McClure et al., 2011) , it follows that, in the diploid pollen of a tetraploid with S genotype S 1 S 1 S 2 S 2 , the presence of both SLF1 and SLF2 will result in self-compatibility by virtue of each SLF protein 'inhibiting' its non-allelic S-RNase. Even so, some polyploid plants in the Rosaceae do maintain gametopytic self-incompatibility as tetraploids (Hauck et al., 2002) , and gametopytic self-incompatibility appears to be active in the triploid Sorbus taxa sampled, indicating that the maintenance and regulation of gametopytic selfincompatibility in polyploids is far from straightforward.
The significance of interspecific pollen use in Sorbus evolution and the establishment of triploid populations
Crossing experiments showed that the apomictic polyploids are able to utilize pollen from S. aria in pseudogamous seed production. Triploids also appear to be compatible with pollen from S. porrigentiformis. On the other hand, when S. eminens was pollinated by S. torminalis, the combinations were incompatible overall, although the possibility of partial compatibility is suggested by the extent of pollen tube growth in some samples. The finding of only maternal offspring from S. bristoliensis × S. aria and S. porrigentiformis × S. aria crosses provides further evidence that interspecific pollen was used only to fertilize the endosperm and initiate apomictic embryo production in the polyploids.
The use of pollen from a related species or taxon for endosperm formation, though rare, has been reported, for instance in a hexaploid cytotype of Pennisetum setaceum (Simpson and Bashaw, 1969) and in a pollen-sterile facultative triploid of Crataegus (Dickinson and Phipps, 1986; Talent and Dickinson, 2007) . In other instances, pseudogamous apomictic plants have the ability rather than requirement to use intertaxon pollen, including Potentilla (Smith, 1963a, b; Asker, 1978; Nyléhn et al., 2003) and Rubus (Haskell, 1960) , which could be beneficial when conspecific pseudogamous mates are infrequent or for providing hybrid vigour via heterotic endosperm (Haskell, 1960) .
This type of system -one requiring or allowing interspecific pollination for pseudogamous apomixis -increases the potential for interspecific hybridizations. However, molecular analyses of the open-pollinated offspring did not detect any evidence for interspecific hybridization among the Sorbus taxa sampled. This most probaby reflects the rarity of any such hybridizations, or, as the results of the interspecific crosses (diploid × tetraploid) suggest, may reflect intrinsic post-zygotic reproductive barriers, because while compatible pollen tubes were observed, no viable seeds were formed. Abnormalities in seed development from interploidy crosses due to endosperm imbalance have been frequently cited and could be a major contributing factor to seed abortion in these types of Sorbus crosses (Lin, 1984; Haig and Westoby, 1991; Scott et al., 1998; Bushell et al., 2003) . Additionally, obligate apomixis in the Avon Gorge triploid taxa provides a strong block to tetraploid formation via a triploid bridge, thus favouring the formation of triploids via a tetraploid bridge.
Established natural populations of SI pseudogamous apomictic plants have not been previously reported, and data on this type of system are extremely rare (Noirot et al., 1997; Stewart-Cox et al., 2005; Hörandl, 2010) . It is predicted that the ultimate reason SI pseudogams are unable to become established is a lack of suitable mates, thereby forcing the SI genotype to succumb to extinction via a minority disadvantage (Levin, 1975; Noirot et al., 1997; Hörandl, 2010) . Generally, it is assumed that fecundity is reduced in these plants either because they are pollinated with incompatible pollen, or because of seed abortion as a consequence of endosperm imbalance resulting from interploidy crosses (Hörandl, 2010) . It is therefore predicted that pseudogamous apomicts must be SC in order for them to overcome mating disadvantages (Noirot et al., 1997) . Hörandl (2010) additionally suggests that SI populations could persist if they are facultatively apomictic with a high S-allele diversity, if the endosperm balance requirement is relaxed or if the mating system was to shift to an autonomous system in which pollen is not required for endosperm formation.
We argue that Sorbus present an exception to these assumptions and suggest that the triploid populations were able to become established in spite of their SI pseudogamous mating system primarily because of their compatibility with sympatric S. aria and S. porrigentiformis pollen, facilitated by a relaxed endosperm balance requirement. Normally balanced endosperm in sexually reproducing angiosperms has a maternal:paternal ratio of 2m:1p whereas in triploid Sorbus, the endosperm ratio is usually 3m:1p (6m:2p, both sperm cells used; S. Ludwig, University of Bristol, UK, unpubl. res.) which, though close to 2m:1p, is still considered 'abnormal'. Clearly, there must be a relaxation of this requirement in triploid Sorbus, as has been found in Crataegus .
The triploids also avoid reproductive exclusion by having flowering periods that coincide with S. aria and S. porrigentiformis and by sharing the same pollinators (S. Ludwig, University of Bristol, UK, unpubl. res.). Their relative adult fitness levels are probably high enough to allow them to coexist with other Sorbus species, and via apomixis they produce equally fit progeny to form subsequent generations. Reproductive fitness in the triploids, therefore, could potentially be reduced by a lack of sympatric compatible pollen donors (e.g. if S. aria neighbours do not bloom some years or are cut down/ die), lack of pollinator activity or competition with S. aria for pollen if triploids become locally dominant in the population. A negative consequence of having an intertaxon mating requirement is that these triploids will only be able to colonize a new area if a compatible pollen source is already present.
Conclusions
The mating inter-relationships among Avon Gorge Sorbus taxa are complex and their interactions with hybridization and polyploidy appear to be the driving force behind the generation of genetic diversity and continuing evolution of Sorbus in the Gorge. In this first extensive analysis of the mating systems of taxa in this evolving Sorbus 'syngameon', we have shown that the two primary diploid species, S. aria and S. torminalis, are SI (GSI) and outcrossing, the polyploid taxa are all pseudogamous apomicts, but while the tetraploid taxa can use their own pollen to sire the endosperm, i.e. they are SC, the triploid taxa cannot, because, like the diploids they are SI, so require pollination by other Sorbus taxa for endosperm formation and successful apomictic seed production.
This apparent dependency of triploid Sorbus on intertaxon pollen for apomictic seed set increases the likelihood of hybridization through fertilization of rare sexual embryo sacs associated with facultative apomixis. This in turn will fuel the continuing evolution of new Sorbus taxa through such rare hybridization and backcrossing events, as proposed by Robertson et al. (2010) . This is the most likely explanation for the recent origin of tetraploid S. × houstoniae, from the combination of an unreduced triploid S. bristoliensis egg with a reduced S. aria pollen grain.
Such hybridization events depend heavily on local flowering phenology and pollen dispersal vectors. Flowering of all Sorbus taxa in the Avon Gorge overlaps with the long flowering period of S. aria (S. Ludwig, University of Bristol, UK, unpubl. res.), thereby providing ample opportunity for hybridization events. Observations of Sorbus pollinators (S. Ludwig, University of Bristol, UK, unpubl. res.) indicate that bees and bumble-bees are the most frequent visitors to all Sorbus taxa in the Avon Gorge, as shown for other Sorbus elsewhere (Raspé et al., 2000; Oddou-Muratorio et al., 2006) . Further detailed investigation of insect visitation is important to quantify pollen movement within and between Sorbus trees in the Avon Gorge because the type of pollen transfer required differs for each type of mating system: the sexual outcrossing species require pollen movement between individuals; the SC apomictic tetraploids require pollen movement within flowers at the very least; and the SI apomictic triploids require pollen movement between different taxa.
It would seem that triploid Sorbus have survived and multiplied in the Avon Gorge using a mating system ideal for overcoming the challenges of polyploid establishment, and they have therefore escaped extinction by minority exclusion through the ability to use pollen from the most locally abundant diploid and tetraploid species. This group of Sorbus provides opportunities to explore further the relationship between the coexistence of long-lived diploid, triploid and tetraploid plants and the relative fitness of each species. This information could then be used to model fluctuations in species abundance, overall population dynamics and the likelihood for new triploid taxa to become established in the Avon Gorge in relation to their mating systems and fitness levels. In combination with our mating system work, this natural Sorbus system could provide valuable insights into the establishment and persistence of SI polyploid plants.
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